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The effect of hardness, surface finish and grain size upon the compressive
rolling contact fatigue strength of M-50 bearing steel has been studied.
Considerable testing cn the RC Rig and statistical treatment methods hove
been included. A mathematical expression relating these variables to life
expectancy is presented and the optimization of these variables is dis-
cussed. It is shown that bearing fatigue of M50 increases b, increasing
hardness, decreasing surface, and increasing grain size. The optimum life
identified occurs at Rc 64 hardness, 1.5 RMS surface finish, and a grain
size of ASTM 2.
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Effect of Hardness, Surface Finish and
Grain Size on Rolling Contact Fatigue R. A. BAUGHMAN

Life of M50 Bearing Steel

Specifications set for antifriction bearing ables upon fatigue life, a statistica 1 _ is

procurement, including hardness, grain size and used. A complete description of the s-tftistal

surface finish are based primarily on results ob- techniques employed in designing this statistical

taned through experience on full-scale bearing experiment and in analyzing the statistical results

tests. This technique is satisfactory and has re- is beyond the scope of this paper. It is suffi-

sulted in excpllent progress in bearing develop- cient to note, however, that the several variables
ment. It is, however, fallacious to assume that affecting life are separated by various regression

bearing tests are the ideal manner to study isola- methods and by advanced methods of order statistics.

ted variables because of the numerous other vari-

ables which are part of the manufacturing cycle and The material used for this investigation was

which may affect life. The difficulty of isolating a Vanadium Alloy's air-melted heat of M-50, Heat

one particular variable for the purpose of evalu- No. 52006. A series of heat-treat studies was

ation by bearing tests is overwhelming. The devel- conducted to obtain the desired range of hardness

opment of the RO Rig
I has made possible the isola- and grain size. Austenitizing was accomplished at

tion and study of (ne variable at a time. 2200 F with time increasing for increased grain

In order to determine the significance o size. Double-tempering treatments were always used

these variables as related to bearing life for with temperature increased to decrease hardness.

design and manufacturing purposes, the primary and Hardness was checked by macro and micro hardness

secondary effects of these variables upon fatigue tests, grain size by metallographic examinations.

life must be separated and analyzed. This is ne- Tc obtain the surface-finish range desired, differ-

cessary in order to establish optimum conditions ent grades of grinding wheels were used on the cen-

for these variables. Stress level is another vari- terless grinder.2 Metallographic polishing tech-

able included to introduce some flexibility to the niques were imployed on extremely fine surface fin-

applicability of the results. ish levels (1.5 RMS). Surface finish was checked

In orO- to separate the effects of the vari- via standard profilometer instruments.

1 R. A. Baughman, "Experimental Laboratory

Studies of Bearing Fatigue," ASME Technical Digest, 2 The RC Rig utilizes cylindrical specimens 3

December 1958, Paper No. 58-A-235. in. long and 3/8 in. diam.

TABLE 1 EXPERIMENTAL TEST RESULTS

A : Herd,.., Grain Size Surface FIiih Maixu E8rts C tlw 1 d
...... - __ _) u.a..) str (1o-3',ji) C-168 _

:-61 7 9.35 700 1.121 3.190 5,620 I0h29
62 IA IO.. 3.75 665 1.159 3.409 7.239 12.56

f -62 1/A 3.h 3.75 665 6.248 12.288 19.dh 22.69
62 /4 O 10.. 1.75 665 1.001 2.968 6.7nl 13.1U.1.
62, . 3.. 1,.75 665 24 .6 3..69 1,.69 11.723

, 62 IA 104. 3.75 732 .991 1.13 3.26 1..95
........- ,. 62 1/4 3.4 3.75 732 3.87 4.199 6.109 10.076

--... ... 62 1/L 101 1J.75 732 .961 3.165 7.019 11.24
62 1/b 3. 11.75 732 .926 2..6 5.82 8.11

58 12 9.75 700 1.011 3.2.0 4.69o 5.875
58 2 9.75 700 .989 2.006 3.960 6.105
58 7 9.75 700 1.7h 2.87 .89 10.29

1 58 7 1.5 700 1.902 3.284 .229 5.11.9

58 7 17 700 2.36 5.356 6.195 7.520

58 7 9.75 615 2.166 3.607 5.07 8.060
S58 7 9.75 75 .897 1.001 1.7.0 2.69

54 10. 3.75 665 .656 1.102 2.69 2.79
AII'I : 51. 3,. 3.75 665 .697 1.11 1.94 2.6954. 10.4 1J..75 665 .187 .697 1.80 2.03
51 3.. 1.75 665 h.12 1.012 1 .721 2.181

54. 10.1 3.75 732 .21.A .629 1.209 2.667
54 34 3.75 732 .379 .862 1.169 1.665
5b I0. )1.75 732 .246 .296 .315 .712_"5b 3.4 11.75 732 .361 .605 .7U., 1.35

52 7 9.75 615 471 .329 .0.7 1.002
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TABLE 2 TABULATION OF B
1  AND PRIAND TRE WIEBULL SLOPE OF RC RIG FATIGUEHESULTS 05 MT O AT VARIO0 QRIAIN U- ZES HABLESSES, AND SURFACE INISHE.. TEbT BEOLTJ OF 010 LOBE IN DE1CEtDIh, ('D,6

Hard- Gr-in Sur(...(e Wiebull Ha-dn,.s Orsin Size Surr-e Fish Y-Li-aL H-Ptz B "fne Sit.._ Fnt~h S"r''
1  

BioLift a,4 Life oe N..: (~~. te l-Pl)

0 F2 i/1. 3.1. 3.?5 7700 3.4. 1""
64 7.0 9.35 700 .7 4. 3 1.11 2 /L 7 17 700 3
621 10,4 3.75 665 .64 3.9 1. 12
62 !  3.4 3.75 665 4.8 In. 3 2.00 3 58 7 0.50 700 1.6 . 10462 ~ 1B.4 14.75 665 ,5 4.4 0.91
S.I 3. 4 14.75 665 1.4 5.2 1.55 11 5F 7 4.75 7" 1.0 1064 10.4 3.75 732 .56 2.3 I.NO624 3.4 3.75 732 2.1 6.1 2.10 " 'A 3.4 q5 .
621 10.4 14.75 732 .56 4.4 0.97 1? 9.75 70062 3. 4 14.75 732 .52 3.3 1.0958 12.0 9.75 700 .78 3.3 1. 35 7 6S 7 9.7', 7W1 .70 1,;
5' 2.0 Y.75 700 . 60 2.9 1.30
5 7.0 9.75 700 1.0 4.3 1.34 1/I 10.L 3.75 7r' .609 10"58 7.0 3.5 700. 1.6 3.7 2 90
58 7.0 .7.0 700 2. 1 5.2 2.99 2 9.7 7
58 7.0 9.75 645 1.5 4.4 1.79 10 62 1/4 10.4 0L.75 719 .13 S058 7.0 9.75 745 .55 1.5 2.2k
54 0.4 3.75 665 .50 1.7 :.71 1 1 .1. 3.3 3.77 71' .3354 3.4 3.75 665 .47 1.6 .7154 1 4 1.0 .79 10.77 3.75 70' .31, 00
54 3.4 14.75 65 .35 1.35 1.50
54 10.4 3.75 732 .14 1.00 3.05 .3 5 3. .75 7r'0 .79 07O54 3.4 "3.75 732 .25 .94 1.53 L IL 10.1 1.75 7L, .77 005
54 10.4 34.75 732 . 6 . .38 2.0754 3.4 14.75 732 .25 .74 3.a5 15 52 7 9.75 700 .17 10
52 7.0 9.75 645 .17 .48 1.87

(1) Max. Hertz stress (10- , 87).

All data red-,,,d to 700.rk, pli ft-0 test dta..

Test speed - 30,(M91 eye0s/.1ont..

To eliminate the effect of dissimilar variables
in the RC Rig rdllers, the rollers were mated iden- TABLE 4 TABULATED TEST RESULTS 0F Bo LIFA IN DESCEND1NG ORDER

tically with each set of test bars. That is, at Had-ss OrinSis. SrfaT,, Firih

any given condition of the test bars, the rollers :M.L. k ( 3r...) Stes.(lO.
had identical grain size, hardness, and surface 1 62 1A 31 3.75 700 10. 10f
fin2s. 2 58 7 17 700 5.1 x oo 6

fns.3 623~( 10', t.75 700 3,.80006O

Mil-L-7808 lubricant at 20 drops per min 3 62A 1 3.75 700 4.8.106

(equivalent to flooding) was used throughout the 62 iA 4, 700 4.1x106
5 62 JA 3.L 1.75 700 L.3 - 106

test program. All tests were run at 'room tempera- 6 6L 7 9.75 700 4.3 - 10
6

ture. 7 58 7 1.5 700 3.6 . lO6

8 58 12 9.75 700 3.3 . I&
EXPERIMENTAL TEST RESULTS 9 58 2 9.75 700 2.8 . 10

0 58 7 9.75 700 2.8 . 106
The results of experimental fatigue tests are 1 5L 34L 3.75 700 1.2 . 10

6

given in Table 1. Four tests were conducted at 1 5 00., 3.75 700 1.3 o106
each combination of grain size, hardness, surface 13 5, 3.4, 1.75 700 1.0. 16
finish, and stress level. As expected, great var- L 5 1 .o4, I.75 700 .80 X 1A

ations in fatigue life were exhibited in spite of 05 52 7 9.75 700 .L,. 1o

the fact that four repetitive tests were run under
identical conditions. This variation in life (scat- . AI data mdu to 7DO,0O p~j fMs tt .
ter) is due to the property that any finite collec- - Tt-. - ,CM e..le .

tion of test results for a fixed set of conditions
belongs to some definite population, defined by
the manner in which the fatigue lives of the in-
dividual members are distributed within the popula- paper. Values obtained from such plots are given
tion. An e'stimate of this population is obtained in Table 2.
by constructing a graphical picture of the data The use of only four tests for each condition
commonly plotted in Weibull3 form is a plot of the of grain size, hardness, and surface finish is
per cent of tests failed as the ordinate versus the admittedly a bare minimum. Its justification is
cycle to failures as the abscissa. This distribu- based upon reproducibility studies, previously
tion is linear when plotted on Weibull distribution published1 of the RC Rig method for rolling contact

testing. The simplicity of the testing method
3 Weibull, "A Statistical Distribution Function tends to reduce the scatter and therefore the num-

of Wide Applioability," Journal of Applied Mechanics, ber of tests necessary to establish the position

September, 1951. and slope of the Weibull graph. It has been ob-

... 3



0

a: C1 c-, N1 a, 0 C;

v CO C N V 4. . C,

H -l- (%1 0 0

10 0 (1 m .
inCO H '0 C C , m O 14 m' N m~ N-- C '-

C- 1- E - 0i M

400 40 NA CO 0 C-- AS g
CO C- -:I .N C- (v . N, CD0 0 c ---2

C- CN 0, 0\ 0 'SO'10 co .4 q
C- C I' a, 7 C 0, 0, 4 0 w N N

C-A 1 s

ZZ

Ej $4 1-N

-m U . 0

rSo2 C 04C -- O N -0' 'N MSC -01 C-0-
cc N n I-. 'S ~ "0 :CI H t ' - 40 CO -4 0

C.14.H 0 C - 0 0 c- 0 is'n 0 H ' 0 COI 0 1 0

cC- o

E. C,4 0

0' 
HYC, r.C

CO , '~ 4. ~ CO 40co- C- 00, 01 CO to0 0

r-4 "u - m~ 0 .

91 4) mS .-4 ' - -0

to1 2 2E II-

00

0 00

-Q '4 0 C-
Q 0 *Q 0Q Ilk OH 4.'

E-- C



Rc - ROCKWELL *C" PARDNESS GS GRAIN SIZE ASTM S.F SURFACE FINISH Cr m s)
GS 10.4

1.8 T SF 375
16 STR SX . . . .3

1.4

rA 1.2 3 . . .
I0 R. 58
8 2 S,'.ESS 700,O0PsV

C-7~ 6

0 SF101
) .2 SRESS 70 x GS104&c 3 /

.4 0S 10.4
54 58 (6Z 66 70 2 4 6 8 10 12 14 16

HARDNESS (Rc) SURFACE FINISH (rm.s.)

1 .,5 cc 54 7

•3 75 3.7 Rc 62, 4 r
G.S. 3.4 0

5. SF 3.75r
T 4 -

, 5

1 C I ''  3 I Rc 53 3/4
F 12Z75 GS. 10 4

.52 ST. -.-. S 14.75

00
2 4 6 8 10 12 G00 700 800

ASTM GRAIN SIZE M AXIMUM EPTZIAN STRESS X10-

Fig. 1 Giaphical representaon of B1i fatigue life equation

5- RC= 62A 5 RV_1Z'4 Rc58
S.F.=VS 37 ru S.. 9.75

4- STRESS = 4- STRESS= 4- STRESS=
810 FATIGUE LIFE a 73leOPIs s G 65.RA @FTIUE 700.op .IOZIO6CVCLES 3-0 /Rc= 62 Y 3 \ Re62'2 3

\\STRU STIN3J
2- S32TRI.S 2  65.002

0 4 8 Mt 0 4 8 12 0 4 8 12
GRAIN SIZE

- TEST RESULTS ~-- COMPUTED LIFE

Fig. 2 Comparison of computed and experimentally obtained BI0 fatigue life
versus grain size

served that slope and position of the values stud- GENERAL FATIGUE LIFE EQUATION
ied move only slightly when based on more than
four test points. The general equation relating hardness, sur-

In order to compare the test results on an face finish, and grain size to fatigue life as
equal basis, these results are evaluated and com- obtained from a statistical analysis of the test
pared at the same stress level. This was accom- data is of the following form:
plished by interpolation of B10 and B 50 lives of X 2+ ( X 2+
the repetitive tests between stress levels, assue- Y &+ PlXl+ 6X 2 ++ 3 X3+ 4 X4 "23+

ing a linear variation between stresses. The lives +.X1 4
2 + 2 XIX2 ... (3X3+1 4XIX4+/3X2X-

at 700,000 psi are tabulated in Table 3 according
to decreasing B1 0 life, and Table 4 according to +e2tX4''+34X3X4
decreasing B 50 life. These results indicate that where
B5 0 life is predominantly dependent upon hardness Y = same measure of fatigue life
while BI0 life is dependent upon the interaction X, = a function of hardness
of hardness, grain size and surface finish. X2 = a function of grain size

. . . . . . . ' , n n n n l l l I I5



o =TEST POINTS

3 R-r b2m h

SI.' CYCLES

0 I SURPAI PINISM MI1.3 I,

I--t-STESS SISOOOOO

1PQ510k657TU I 1 0.4~ d

bb51 00j4s'

0 4 8 12. 16 0 4 B 12

S URFACE FiNiSH

Fig. 3 Comparison of computed and experimentally obtained B1 0 fa-

tigue life versus surface finish

T PNT 8 ... . .

TMPTE LIFE - 4 7 -- -

FATGU LI COMPUTED LIFE 1

X V6 CYCLES

0 oo 800 '100 800

0kIU 4 EIZA $15 12 S0 4  aPaI

GSIO4

RC 5

100..~ 0f IT

-600 i~~b5 7 0 00 00 80

Fig. 4 Comparison of compute ana exp erimetally uotamed B10 fatigue

life versus maximum Hertzian stress

X3=a function of surface finish equation are evaluated for different measures of

X4  a function of maximum Hertzian 
stress fatigue life. One commonly used measure is the

= general coefficient to be determined by B1 0 fatigue life. The B1 0 life of a collection of

statistical methods applied to test data tests is the lfe up to which 0 per cent of tests

As can be seen from this equation, both the in a population will have failed. This life is of

independent and the interaction effects of hard- primary interest in that we are generally more in-

ess, grain size and surface finish are considered. 
terested in being able to predict the occurrence of

This equation also includes the maximum Hertz stress 
early failures rather than the magnitude of the

as a variable, mean life. hile it is not possible to predict

the B1 0 life from a given number of failures 
with

RESULTS OP STATISTIAL ANALYSIS (B 0 LIFE EQUATION) the same degree of confidence as that obtained for

the mean lfe, the statistical results of this anal-

The esults of the statistical approach are ysis are at a significant level of almost 0 per

tabulated in Table 5. As can be seen from the cent.

table, the various coefficients of the general life Representative graphical presentations of the

6IA111 
4 .F 97



2 Grain Size - Max. eUrziarl Stress 700.00psi 4.0118! : * ~ , * 3.6-
4.8 362SF
4.4 3.2

4.0 I B.oFATIGUEu2FE 2,8.+. I: I I4 i .. . . k, ,
BIFAT16UE LIFE 3.2 '-

lb-6 CYCLES r6t 2.0. ...
211

* t*' It.6 . 1 82.4 81

F- SURFACE FINIS H r.m.S .4 SF- SURFACE FINISH r.s.M.

.4 .54 56 56 60 62 64 66 6870
HARDNESS Rc

54 s 68 60 62 64 6b 66 70
HARDNESS Rc Fig. 7 B10 fatigue life versus hardness - grain

Fig. 5 B10 fatigue life versus hardness size-6 - maximum Hertzian stress 700, 000 psi

_ _ 6AIN SIZE, ASTM = 8

;MIMUM HERMAN SThES , - 700.00 -,

BiFATIUE LIFE
x 1H6CYCLNES ES1

1.0 ./L LIFE S +
I I I X

Sg UIA.FICrm,I VY1 CYLE SFS...." ~~ ~ ~ ~ ~ ~ ~ I I(~ II!I--- + . . . .

Fig. 6 B10 fatigue life versus hardness-grain Fig. 8 B10 fatigue life versus hardness

size-4 - maximum Hertzian stress 700,.000 psi

results of the Bl0 life equation are shown in a minimum or a maximum as Iuhe variable is monitori-

Pig.l. cally increased.

Graphical. comparisons of the test results and
DISCUSSION OP RESULTS PREDICTED BY the results obtained from the empirical B1 0 fatigue

T!E B1 0 LIFE EQUATION life equation are made in Figs.2, 3, and 4.

Pig.2 shows that a close correlation exists
The effects of hardness, stress, surface fin- between the mathematically predicted effects of

ish, and grain size upon the Bl fatique life of grain size upon the Bl0 life and the effects of

u-50 are expressed by the B10 life equation are grain size obtained experimentally.
shown in Fig.l. As can be seen from the curve, The effect of surface finish pon life, how-
this mathematical expression predicts lives which ever, is not clearly defined. Although Fig.3
are negative for various combinations of the test shows a good correlation between the mathematically
variables. This equation also predicts an increase predicted and experimentally obtained lives, only
in life as the stress level increases for other corn- Fig.3(d) substantiates the result that a minimum
binations of these variables. These peculiar re- life occurs at a surface finish of about 10 rms.
suits may be attributed to the fact that the ini- It is felt that these predicted minimum lives are
tial general equation is of a quadratic form for greatly influenced by a set of high lives obtained
each variable. In effect, this assumes that each at a surface finish of 17 rms (see Table 3). Since
variable produc es ale h es through either only one set of test data is obtained at this rela-

7



F

GRAIN SIZE- ASTI-10
MAIMUM.ETZIAN STRIS - .00l Surface flinsh 6 r.ms.-Max. Nerz Stress 700,000psi

2.1 3 , t.6 ' ts
LO - T --4

2.0 8
1.6 B AT I.GUELIFE 41 1.

B10 1.4- 0 !1 /- 6m--IOCYCLES 2.4- 1
i I p - J

o C _CL..L LL ii

HARDNESS Rc HAIDNIss Uc
Fig. 9 BO fatigue life versus hardness Fig. 12 B10 fatigue life versus hardness

.4 t t, ,, F surface iliish 8 i.m.s. - Max. e.h £th'ess 700,000 psi

.2 -

liFINS -. IEG ; -0 -F 1 1 'L - L - 1. -I

u _Fine Gtuln __0

Ma3 P 60 $ a I 0 Mu 4 56 o il 160M4 66 6 70
HARDNESS Rc HiAUSNiSS

Fig. 910 aigue life versus hardness Fig. 13 B fatigue life versus hardness

TA E 6 CONVONSION TABLE tively coarse surface finish, any conclus ons based

0s. ,, ~predominantly upon this data must be questioned.

50 -*.17730 1 -1.892105 1 -17.967 6c0 -)0m From Fig.k, we find" that the equation relating
51 -1.907683 2 -1.57351 2 -..5175 610 -2.69335 stress to life is not valid for certain combinations52 41.63823 3 -1.251.60 3 -1.298538 620 -. 32177

53 -1.368789 1. - .935852 1,- . oo63 .083 of grain size, hardness, and surface finish. In
5. °'.991 5 ." .s61201 5 ." .8921c6 6106 -4.o75'89 view of these shortcomings, the discussion of the

-6 . 6., -. o~ 7 -, .1.8-692 2 results must be restricted within certain limiting
57 - .291 5 8 .339151 8 * .282.6? 670 - .82383
58 - .O215571. 9 - .6579o2 ,-,.079253 651 - .51221.8 values of each variable.
59 .21.891 10 .9765 10 .1239606 690 -. 2006619 This discussion of results which follow are
60 .512337 11 1.2910 12. .3277h 700 .110921.
61 .78678 12 1.61.1. 12 .5331 no0 .. 2251 valid for hardnesses greater than 51 RC, grain size

6 .0563 t .932 13 .3360 720 .73109 larger than ASTM 10, and surface finishes better

118. 2.T16UE Ii. .961 70 .15

z.5- 15 2.57do 15 1.3J,00 71. 1.35725 than lC rms. In order to simplify the B1 O equation,
65 .s57 16 2.881 2 1.3,. 75 1.6688 the stress variable is eliminated by evaluating all
66 2..01o 17 .3.20791 17 1.51.1 760 2.036e531
67 2.1.o31 18 3.526610 18 1.71.6? 770 2.292o3 lives at a modified Hertz stress of approximately
68 2.672912 19 3,6.512 19 1 .°9288 790 2.60302

62.k235 20 ,.a.16 20 2.15618 2.9152o 700,000 psi. The resulting equation is called the
70 .216 21 ,..1.891. 800 3.237 "Modified BIO Fatigue Life" equation since it elm-
71 3.68252 22 1..8o266
723 .7509 23 5.12c~66 inates all of the stress dependent terms.
T 1 899 25 2.757918

76 L .55FE . TIE "MODIFID BI 0 FATIGUE LIFE" EQUATION

78 5.097933

V6 .9 In order to obtain our modified equation, the

general life equation is rewritten as follows:

j inki IN RI EO



Suv4ace Finish 0 rms -Max Hertz Stresi 70QOOO0ps S MAXIMUM ..,., SRS.,000,PSI
FORMU11A OgA

2 3.0-~ 2 -4--------

81 FATIGUE LIFE is
x 10-

6 CYCLES 2.4 . . . . . .2 \"
. 2.4 •

2. . . . . . a1 i . .
•

I- 4 N~ 1

.4ON4.
nu RIN aIiS N1. .2

SA4 h 56 fSO 62 66 10 70
MA0NIESS R, 0 2 3 4 S 6 71 9 10 11 12 13 14 IS I I

Fig. 14 B10 fatigue life versus hardness SURFACE FINISH(r.mS.)

Fig. 16 B, 0 fatigue life versus surface

finish

Pc 54 MAXIMUM HEPTZIAN STRESS 700,000 psi
1.2 - ~' j V -

I I b ~61.*k MAZ[IMUM UIBTZAMSTAtSS70,000 psI

4A . . . . .t3A*s . -..

Ix "3.2

J-9 24

O3 4 5 7 8 9 10 II 12 13 14 15 I, .4

Surfwe Finish (rm.s) C.1.1

Fig. 15 B1 0 fatigue life versus surface finish A- : ---------
.2...........
0

2 3 4 6 7 6 9 $It 12 14 145
SURFAE FINISH

Life =o+X1[ x1+ 12X2+e6,X 31 Fig. 17 B10 fatigue life versus surface

+X 2(' +!92X +6X31+X3[3+P3X31...finish

+X4[e4+e44X4+ e24X2+ P14X I

At a maximum Hertz stress of 69 6,440 psi (assumed because of the statistical data used in obtaining

to be 700,000), X4 = 0, (Table 4). If we, there- the equation.

fore, evaluate our B10 lives at a stress of 700,000 Values of X1 , X2 , and X' are tabulated in

psi, the modified equation reduces to: Table 6.

B1 0 Life (700,000 Psi) - QUANTITATIVE RESULTS OF MODIFIED

F0 +Xl [0l+llXl+1+l 2X2+P13X3] *. B10 FATIGUE LIFE EQUATION

+X2[P 2 + 22X2+ 23 X 31 ... The graphical representation of the effects

+X316+03+3X31 and interactions of hardness, grain size, and

surface finish upon the B10 fatigue life on M-50
which is limited to: bearing material are shown in Figs. 5 to 17. Figs.

I Maximum Hertz stress of 700,000 psi. 5 to 9 represent the interaction effects of grain

2 Hardnesses greater than 54 RC. size and surface finish upon fatigue life at differ-

3 Grain size larger than ASTM 10. ent levels of surface finish. Figs.lO to 14 repre-

4 Surface finishes better than 10 rms sent the interaction effects of surface finish and

9



[U621k N"ithSUm sap, W"NMES S4Kc

LI E 2 , !' I !, : i S I G..4_._E.,,_

so 4 IS. . .

FATIGUJE
LIFE '

X a,
I'CYC[E

G R A IN S IZ E 4 , e.

Fig. 8 life versus grain size for various Grain Size Sensitivity
har1 es fatigue fe finse Fig. 20 B1O versus hardness for various grain sizes and sur-
hardness and surface finishes face finish

.I. SF4 VI, 518 SF 10

Rc~2!4 GS5 2R54
So LIFE jA Z . . .

ais t4 / 0 a. to
-1 GSIO . ,0,C -1'7

--1 - ± a . . .

S4 . .. 545 6( 54 58 62 54 55 62 54 58 02 4 5 W

SURNm" .M 4 a , 4 a n 1 -- HARDNESS Re

HARDNESS SENSITIVITY RA.6E SUR'ACE FINISM SENSa/fiTY IANGE

Fig. 19 B10 life versus finish for various hardnesses and Fig. 21 B10 life versus hardness for various grain sizes and
grain sizes surface finish

hardness upon life at different grain size levels. b) Effect of Grain Size Upon the Bla Fatigue
Figs.15 to 17 represent the interaction effects of Life of M-50 (For Grain Sizes Larger than ASTM 10),
surface finish and grain size upon fatigue life at For grain size larger than ASTM 10, the B10 fatigue
different levels of hardness. These results are life increases as the grain size increases. The
graphically summarized in the grain size, surface B10 life approaches a constant maximum value at the

finish, and hardness "sensitivity curves", Figs.18 large grain sizes and decreases rapidly as the grains
to 21. become smaller. This effect is shown in Fig.20.

c) Effect of Surface Finish Upon the B10
DISCUSSION OF QUALITATIVE RESULTS OBTAINED Fatigue Life of M-50 (For Surface Finishes Better
FROM MODIFIED B1 0 FATIGUE LIFE EQUATION than 10 rms). For surface finishes better than 10

rms, the fatigue life increases as the surface fin-
Although the quantitative results obtained ish improves. This life increases steadily with

from the formula are based upon a maximum Hertz improving surface finish and approaches a minimum
stress of 700,000 psi, the qualitative results at a surface finish of 10 rms. This effect is
indicate the following effects of hardness, grain shown in Fig.21.
size, and surface finish upon the B10 life of M-50. d) Interaction Effects of Grain Size, Surface

a) Effect of Hardness Upon the Bi0 Fatigue Finish, and Hardness Upon the Bl. Fatigue Life of
Life of M-50 (For Hardnesses Greater than 54 RC). M-50 (For Hardness , 54, Surface Finish < 10 rms,
For hardnesses greater than 54 RC, the B10 fatigue Grain Size > ASTM 10). Within the limiting regions
life of M-50 inoreases with increasing hardness, of each variable mentioned above, the interaction
reaches a maximum life at an optimum hardness, and effects between the variables may be best explained
then decreases. This effect is shown in Figs.5 to in terms of the "sensitivity" curves. These
14. This optimum hardness is not a constant but curves represent a measure of the sensitivity of

varies with surface finish and grain size. This fatigue life upon two of the variables at different
effect is rhown in Fig.22, levels of the third variable. The most significant
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Slife is extremely sensitive tQ grain size ana sur-
1 . 1 624 14 1 5

Z. .So. 2 1 I face finish. The area under this curve is a mea-
3 58 7 CS

. . .. 4 SO 1 9.1S sure of this sensitivity. This sensitivity de-
U 624 3.4 1415 creases at the intermediate hardness level of 5:

OL.OCYCLES I. ,LI 7 64 1 915 Rc, and the B1 0 life becomes insensitive to varia-
8104 6 10 375
S06 .15,?S tion in grain size and surface finish at the low

L4 I 62 1 104 1475 hardness level of 54 n.C. Results obtained frrm

ID 12 54 10.75 3.75 the grain size and surface sensitivity curves do
EWII - " 13 54 34 1415

. ,.l 14 54 10.4 1475 not exhibit this same drastic interaction effect,
2................ 15 1 15 although decreased ranges in predicted life occur' Si 6 TEST N6MER

1 3 5 7 9 1 13 IS (FROM TABLEZ) as the grain sizes decrease and tV-! surface finish
becomes poor. This effect is shown in Pigs. lz

Fig. 23 Comparison of computed B t lives and experb- and 19.

mental results (maximum Hertzian stress - 700, 000 psi

SUMMA.Y

SF SURFACE FINSW rm.$. The effects of hardness, grain size and sur-

face finish upon fatigue life of M-50 are evaluated
HARINUSS- within certain ranges of each variable. The ex-

LC .perimental and computed results compare favorably

62 s32 at the various hardness, surface finish and grain

s14 size levels, Fig.23. It should be noted, however,

sF6 that this comparison is based upon limited data,
which is highly statistical. In addition, further
approximations are introduced into this analysis by

54 L .......- converting all the test data to a stress level of
0 1 2 4 6 6 7 6 - ,0

ASTO GRAIN SIZE 0,00Pi

Fig. 22 Effect of grain size and surface finish upon op- Ac~kowledgent

timum bearing hardness The author wishes to acknowledge the contri-

bution of S. N. Miller and E. N. Bamberger of FPL

Metallurgical Laboratory and J. A. Zoellner of the

results can be seen from the "hardness sensitivity" General Engineering Laboratory who contributed to

curves in Figs. 20 and 21. These curves show that both the experimental work and the evaluation of

at the high hardness level of 621/4 RC, the B1 0  results given in this paper.
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